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1. Introduction

In a preceding paperl) a study of the rotational states in'the odd-mass
173-177

isotopes Hf populated in'(a,xn) reactions was feported by some of the
authors of this work. It seemed highly desirablé to exténd that study to more
neutron-deficient hafhium isbtopes, since the distortioﬁs found inUeVenéparity
bands are expected to be more pronouﬁced for the lighter isotopes.lfIn order to
accomplish this; certain eXperimental and practiéél problems had_tq be over-
come: (a) isdtopically enriched targets for (a,xn) reactions hed to be pre-
pared, (b) the fesulté‘of‘traﬁsfer particle reactions, which proved?to be so
vital for the correct ihterpretation of'the structure of the heavier isotopesl),
vere missing, and (c) earlier radicactivity studies weré scarce. Onvthe oﬂher
hand, the'lighter hafnium\iéotopes can also be produced in (Heavy Ién,xn)-__
reactions, pfoviding a useful altefnate means of production. _Thereforé,'the;_

1ge vas performed in parallel in Stock-

experimental work on the. structure of
holm at the Research -Institute for Physics using the.methods of (a%xn)_ reac-
tions andiat the‘Yale»Héévy-Ion‘Accelerator emp1oyingv(HI;Xn)i reactions} 'fhe«
authors feel that it is desirable to Join their efforts in interpreiatioh of
these data and to publish the results in one Jjoint paper. In addiéion; 5 §£udy

l7lTa leading to the iow—lying states of 1Tle ;$ now being

of the decay of
finished at Yale, and preliminsary results which were published in,ref}2) are
used for the assignments of the lower members of the rotational baﬁds. .Prelimf

inary results of our in-beam study of lTle were included in refﬁs).

2. Experimental Procedure and Results

Ytterbium metal, enriched to 81% in 17OY'b and rolled into a'self—suppbrt- B

ing foil of 5 mg/cme, was used as a target for the o-particle irradistions. The '
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isotopic composition of-this'target‘is shown in Table l‘ For'the.lrradiatlons
with boron ions, a 99.9% pure metalllc holmlum f01l was rolled 1nto a self-
supportlng target 7 mg/cm thlck. | - N

Alpha—partlcles from the. Stockholm 225-cm cyclotron were used for the »
lTle in-: the first part of the study An experlmental arrangement
similar to that descrlbed in refs.h’s) ‘was used for thls part of the study Ions

of lOB and ll iv' accelerated ; o in the Yale Heavy Ion Accelerator {HIA),

‘ were employed for the second part of the study This exper;mental;set—up has

also beenjdescrlbed in an earller-publ;catlon ).' The folloWing;ekﬁeriments

_ were performed in this study.

(I) The yield of Y-rays was folloWed:as & functiOn“of thefheamﬁenergy-—

from 20 to 43 MeV for o particles, from hS to 60 MeV and from 50 to 5 MeV for

OB and'llB lons, respectlvely.; In th1s way,_one can clearly dlstlngulsh the

radiations orlglnatlng in reactlons vlth emission of dlfferent numbers of neu-

_trons, e. g. “the ( ,3n) reactlon from the (a 2n) . and (a hn) reactlonf To a

lesser degree, these relatlve exc1tatlon fUnctlons of Y-rays are: sen81t1ve to

the spin values of the'levels-lnvolved The optimum energy for the reaction

171 170 )171

Hf was found to be 38 MeV for the “7%b(a, Hf reactlon and

l65Ho(lOB hn)lTle ‘and;165Ho( ,5n)17l

leading to.
52 MeV and 68 ‘MeV for the reactions,
respectively - Several Ge(Ll) detectors W1th actlve volumes ranging from 15 to

h3 cm3 were used for these measurements. The resolutlon of these detectors was v

l 3-2. O keV at 200 keV. The»energles, determlned from 51multaneous‘measurement

with. standard radloactlve sources, are accurate to 0.1 keV for the strongest
Y-llnes (withvlntens1t1es of 20 and hlgher 1n the units offTable:l); t030 2 keV
for the weaker lines: (w1th 1nten51t1es between 5 and 20) and to 0 h keV for thef

rest of the lines. The 1nten81t1es are considered to be correct within 10% for
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the first group of more intense Y-liges aﬁd within 20% for the_reet;f?The ffray
spectrum from the reactiqn with a-particles is shown in fié} i,aﬁdjfge'epectrum
from the lOB bombardment work in fig. 2. Both spectra were takeﬁ.aﬁ‘fhe mentioned
optlmum energies. The information concerning the Y-ray lines ofl?7le'observed
in these reactlons is summarized in Table 2.

(2) The angular dlstrlbutlons of the Y-rays were obtalned by measurlng
the intensities of the lines at dlfferent angles w1th respect to the dlrectlon
of the beam. The X~ray peaks, composed of the K-lines of both;ﬁhe;target and
the products of the reactions, were used as isotropicvintensity refereeee. The
beam was stopped ciose to the target in the 105 irradiations andﬂthelmeasurement
was done at three angles: 0°, 556, and 90°. In the d-particle experiﬁent, the
beam was stopped considersably farther downstream so that angles near 0° were
not avallable for measurement; the angles used were 150°, 125°' 110° and 90°.

In this latter case two surface barrier Si detectors, placed symmetrlcally at
25° with respect to the beam and registering the elasticallyescattered_a-par-v
ticles, were employed as an alternative way of normalization. AThis normaliza-
‘tion and the one using the X—ray peek were found to.be compa@ible‘within the
experimental errors. The anguiar distribution results arelinciuded in Table 2.

(3) During the investigations at the Yale HIA a YY coincidence experi-

ment was performed, using two Ge(Li) detectors with active volumes of 15 aﬁd

" Lo cm3. The coincidences were recorded event-by-event on a magnetic tape. The
experimental set-up, data acquisition and subsequent analysis wereethe same as
descrlbed in ref 7). A total of 2 X lO5 coincidehce counts were accumulatedf

Parts of some coincidence spectra which were restored after the experlment from

the magnetic tape are shown in fig. 3. The coincidence relatlonshlps establlshed

in this experiment are summarized in Table 3.
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3. -Rotational Band Assignment -

One has difficulty in assigning the observed transitions to the rota-

171, .

tional bands in Hf because,very little is known about the states 'in this

nucleus from‘other methods. The avaiiability ofISUCh datavproved;to be very

important for the in—beam study of the heavier hafnium isotopesl)."The neigh-

boring even nucleus L'°Hf is not stable and thus the one~neutron'transfer reac~
tion leading to 171Hf is nct'feasible. Until recently, the radloactlve decay

171 lTl

of Te tovthe levels of Hf was not known. - Even at the present time, only
gross features of the 171 Ta decay are avallable from publlshed work52 8) and no
171

level scheme has so far been proposed. However, adeta.lled study of the Ta decay scheme

is in progress at Yale (cf. preliminary publication )), and we'takeiadvantage

of this infermation in establishing the level structure of l7le;f5THe-§art'ofh

the lTle.level scheme which was determined from this radioactivitysstudy end‘

wvhich 0verlaps with,our level scheme is shown in fig. b. It can be seen that

' one 1mportant questlon about the very lowest exc1ted states stlll remains ‘

unanswered that 15, the excitatlon energy of 1/2 [521] band head‘ Nevertheless,‘

‘the exlstence of the three 51ngle-partlcle states, 1/2" [521], 7/2 [633], and .

5/2" [512], was firmly established from thls study of 171 Ta radioactiv1ty, to-
gether with several exc1ted levels built on these states.

The results from the 1n—beam study were in good agreement with the level
scheme of flg-»h Based on all the 1nformatlon descrlbed in Sectlon 2, we are
able to. 1dent1fy the rotatlonalbbands up to 29/2 for the 7/2 band head up to -
25/2 for the 1/2 [521] band head, and up to. 23/2 for- the 5/2 [512] band head.

The 1evel scheme as . determlned in thls study is shown in- flg. SQf
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L, Discussion
4.1 ODD-PARITY BANDS

The two odd-parity bands observed in this study, 1/27[521] 'and 5/27512],

can be sufflclently well described’ by the rotatlonal formula9 lo)
Epop = AL(I#1) - K %} + BI(141) - K232 + clr(z+1) - k°F + ...
Tk | - - } . . (1)u
I+K N\ p ®Te v
+ (=1) (I+1){A2K + BZK[I(Ifl) - K] +"7f}

i=I-K
Using the least squares method it is possiblé to fit the otserted'fbtétionél.'
levels in these two bands almost to within the experlmental errors.- At the

same time, the contributions orlglnatlng in the highest order meﬁber of thls
truncated expansion are small even for the levels with highest. spln. .The_reSuits 
of this computer fit are shown_it Table k. . v t»i't ; 

It should be noted . that the'decbuplingbfactof‘ij+ fT6-'*

(= AEK/A) Ifor the'K = 1/2° band is somewhat less;than the preaiétiénvtf:the
Nilsson model,:bqt as can be seen from fig. 16 of the compilatianl¥):by'ﬁzhel;t
epov, Dranitsyna, and Mikhailov,»our;measuréd'value falls withiﬁ?tﬂei§lﬁstér éf‘k
& values in this mass region. . ‘“;

The results from‘angular distribﬁtion measﬁrements an&'thevbtgﬁchiné
ratios can be combined in order to obtain informsation aboutthe ML-E2: m1x1ng ampli~-
tudes § and. consequently about the gyromagnetlc ratios. The branchlng,ratios
generally yield more accurate values of 8 but cannot determiné ité.gign; on the.
other hand, the angular distributions determine the sign of § ﬁnehuivocally,'
and its absolﬁte value rather poorly. This situation is reflected-igtthe‘data
of Table 5. The experimental values of the pure E2 transitions (I +'i - 25-COm—.

pared with the theoretical values calculated for complete alignmentlh) yield the
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attenuation factor for a particular léyel. This factor is then used td'cbrrect
the angular distribution of the mixed I + I - 1 transition and tﬁg%yalué bf-é

was obtained ftom comparison of this corrected experimental value withfthe'

theoretical onelh). The differences between the intrinsic»and-rbtationallgyrd-

'magnetlc ratios 8k 8r shown also in Table 5 were obtained by comblning the 1nfor—

mation of these two kinds for the 5/2 [512] band and using the value of 7 1 barns'
for the quadrupole moment of the core. The 1atter value was extrapolated from
the neighboring eﬁen nucleils). Adopting the value of 0.3 for the gyromagnetlc :

ratio of the core leads to values of 8y that are within exper;menta;_errora‘of

the values calculated in ref.zl) where the procedure yielded‘vﬁlues7of about -

-0.32 for 8y In these calculations a value of 0.6 was ﬁsedvaf g;. The pqs—
sible exception is ther9/2_ state at 258.5 keV. For this.atéfe, however, the
iﬁtensity of thevéross—éver 208.6 keV transition is known rathéf inaccurately.
k.2 EVEN PARITY BAND 7/2°[633]; COMPARISON WITH OTHER HAFNIUM ISO‘TOPES -

Even from a visual inspection of the spectrum of the 7/2 [633] band
large deviations from the rotational spacings are apparent. This irregularity‘
isieven more'apbarent ﬁhéﬁ the spacing in the band divided byvspinVQalue'is |
plotted against the square of the spin (fig. 6). Since the perturbation, which:
ié éaused by a Coriolis ¢oup1ing, is so large, it ié unreasonable'to eipect‘an
expanéion formule such as eq; 1 to accurately describe the band. |

| The usﬁal theoretical treatment of these highly perturbed uhigueApgrity :
bénds-consists of the numeriéal diagonalization of the secular déterminant of

the Coriolis interaction. The diagonalizatioﬁ is normally performgd in the

space of one-quasi particle Nilsson states all originating in one_spheriCal shell

model orbital; in this case, the shell model state is 113/2 and the corresponding.

Nilsson states extend from
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l/2+[660] to 13/2+[606]. Such methods were applied to a number of cases (see,

16,13,12

e.g., refs. )) as well as to the odd-mass hafnium. nuclei in ref.l).

- Here, the modified theoretical approach of C. T. Alonso and J. O. Ras-

171

mussen ) is tested and applled not only to the unique parity band in Hf

but to the whole series of odd-mass hafnlum nucle1 171~ 179Hf. The_method,

called by its authors the "supermatrix" method, is briefly outlined below.

The importance of‘the’supermatrix technique lies in its more detailedr
trammentof the palrlng interaction than is afforded by the usual smaller ba31s,
where Coriolis matrlx elements are merely attenuated by factors 1nvolv1ng u and

v, the BCS amplltudes. Instead of the usual" quas1—part1cle energy»expres51on<

for the band heads in en n*n matrix, viz.

=/(ei-A)2+'A2 - | (2

which tends to overestimatelpairing effects,'the_independent particléieneréy,

expression : | Coe ‘b o e
E, = e - lI t‘Eh’P : 3

is used in a'2nX2n'"supermatrixﬁ; In this expanded matrix the ﬁllsson energies

€, are theoretlcally calculated and A is taken halfway between the last pa1r-

filled level, and the next hlgher unfllkﬂ.levelof the J—subshell (e g., 113/2) under

con51derat10n. The supermatrlx is d1v1ded 1nto blocks whlch conserve the number

of pairs 1n the subsystem | The lower r1ght block of rank n’ 1slthe standard Cor-

iolis matrlx using le - X[’ for the band heads, but its restricted meanlng here

is that states have exactly N nucleons in the J=family of orbltals under . treat-

ment, i.e., jN. The upper left nXn block describes an (N * 2)-nucleon7Coriolis~'

»matrix in which a pair has scattered into or out of the J-subshell.being con-

sidered. The effect of this scattering.is to change the'band—head’energies:by
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the amount of energy it took the palr to scatter._ If palrlng Were taken 1nto

raccount in the calculatlon of dlagonal energles, Ep and Eh would be functlons of K-

because of blocklng by the odd nucleon near the Ferml surface"but 1n order to
minimize the number of parameters we take only two energles,Ep and Eh,as adjust-
able band—flttlng parameters. The states of the same proaectlon Q in- the N and
2 blocks :are then connected by off—dlagonal elements of the order of the
pairing strength G tlmeS'the'effectlve:number of orbltalsvn;part;crpatlnglln
the_pairing'confignration ninlnér - e
'FOr an example of the‘snpermatrix constructionjin'the“specificpg;sésof

177,

177 Hf is known”to be’the

Hf and I= 9/2, see fig. T. The ground state of

_7/2 [Slh] orbltal and the next lowest s1ngle partlcle state is 9/2 [62&]

13/2
subshell. - The upper left block then reflects the fact that tw0 nucleons pre—

Thus, the lower rlght block represents states with nine neutrons 1n the 1

v1ously re31dent in the other low—lylng filled i orbltals can be promoted

13/2
into the unfllled odd-parity" orbltals, the lowest of whlch is the 7/2 [Slh]

This method was applied to numerlcal fitting of all of the known 113/2

shell model state levels in the hafnlum isotopes 171, 173,v175, 177 and 179

l7le the experimental data of thls work are used whlle for 173 175 177

179

For

the dats from ref.l) were taken and for HE the data were from ref.zz)ig Also,

177 18—20,23) were included.. The experlmental and

for Hf, the results of refs.
theoretlcal level energies are llsted in Table 6 and values for the varlous
parameters are given in Table T. Parameters that were calcnlatedxtheoretlcally
are marked in Table 7 with an asterisk. The remaining paraneters:were“allowed'_
to vary in the tri- dlagonallzatlon ‘program Betable developed by Clements at

Berkeley LL). In Table T, a is the decoupling parameter for the K 1/2 band
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and o is the off-diagonal matrix element'reduction facﬁerWhich has-generally
been found necessary in Corioiis band fitting of experimental énergy levels and
in part is due to the uu' + vv" pairing factor. v

What can be noted froﬁ the trends in paramefers as shown in Table 77
First of all,rfhe‘forh of the supérmatrix we used is most appropriate for the
three central cases, masses 173, 175, and 177, since for thém the chemical pot-

ential lies between the T/2 and 9/2+ ( ) orbitals. For these nuclei the

*13/2
ground band has the odd neutron in one of the three odd-parity orbitals lying

: + + : : :
"~ between the T/2 and 9/2 orbitals. Here it is most appropriate to take into

account in the supermatrix the blocks with N = T and N + 2 = 9 neutrons in the

+ : '
171Hf the 7/2 band is ground, and blocks with 5,

179

113/2 family. Hoyeyer, for

7, and 9 neutrons should have been taken into account. Likéwise, for Hf, blocks

with 7, 9, and 11 neutroﬁs should have been.useq. For these fédsons the best-
fit parameters of the extreme cases of mass 171 and 179 have less direct physi-
cal éignificance,_énd we confine dur examination of Table T for trends to the o
three ihtermediate-mass cases. For these three cases Ep éhdws & monotonic in-

173

crease with mass, and except for ~ “Hf, Eh shows a decreasing magnitude. These

trends are those expected from the simple Nilsson level diagram. For these three

cases, the‘values.of effective pairing.nGh and nGp are not very different and
could have been éonsfrainéd to equality without hurtinévthe level fif.very
much. The magnitudes of the effective pairing paraméters are quite régsonablea.
They should equal fhe pairing strength G ﬁimes thé effective number of odd—
parity orbitals participating in pairing correlation (i.e., gduivi);' This ‘

’ O

sum is approximately A/G times the fraction ﬁaof odd-parity orbital densify

to total density at the Fermi surface. Thus nG should nearly equal foA;' The.
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odd—even mass dlfference for neutrons A is around 0.6-0. 8 MeV in the HE region,
and the fractlonal odd-parity orb1tal den81ty 1s around 2/3 Thus, the best-fit
effective palrlng parameters in ‘the range of —3&6 to -72h keV are reasonable.‘_.

The values of decoupllng parameter a are near the value T for a pure

13/2 orbltal but 1t is hardly to be expected that band-flttlng of the K= 7/2

band should be sen51t1ve to the decoupllng parameter, s1nce 1t affects energy

spaclngs in the K 7/2 band only in the seventh order of the Corlolls 1nter—

“action.

Corlolls attenuatlon factors a range from a half to two-thlrds, and 1t
is dlfflcult to make a quantltatlve comparlson with theory here;bslnce we are
treatlng some palrlng effects expl1c1tly and cannot equate to the ordlnary
uu' '+ vv! factor nor to Pyatov s rec01l term correctlon. However these o
factors seem reasonable. | ;AA .

The rotatlonal constants ( ) of the 1ntermed1ate even nucle1 Th

Hf and

Hf are 15 l and lh 7 keV respectlvely. We hoped that the fltted rotatlonal

, constants of Table T would approach these core values. (Indeed, one mlght

: 2
expect stlll larger unrenormallzed Eg-values, since the core 1s the system of

nucleons ‘and orbltals excludlng the 113/2'set whlch 1s treated expllc1tly )
h
We have not yet trled forc1ng flts w1th 27 held at or above the even—even values,

though that would. be a reasonable approach

177

' For Hf there 1s a. more strlngent test of the theory 1n that two levels

of a second even—parlty band are. known. The fit of Table 6 is not very good as

regards the rotatlonal spaclng 1n the hlgher band, and this case deserves fur—

ther study. | Ev1dently the least squares adjustment is most 1nfluenced by the :

ground band where many levels are known 1n contrast to thepixc1ted band,,

Tran81tlon probablllties and magnetlc moments may prOV1de further tests -

of the Corlolls mlxed waveﬂfunct;ons and the supermatrlx varlants., However, we

have not yet made such comparlsons.
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The levels are fit on the average to ﬁithin l.5 keV. The erpanded‘bas1s
set of. the supermatrlx does not appear to ellminate the need for an attenuatlon
factor o for Coriolis matrix elements, but it does elxmlnate the need for arbl-_
trarily cuttlng down the matrix element connectlng the lowest partlcle and lowest
hole bands. The reason that the supermatrlx prov1des a natural effective atten—v
uation of band m1x1ng between the lowest partlcle and IQWest hole bands 1s he—'
cause these bands are now connected only in second order through a product of
Coriolis and palrlng interactions, not in first order by the Corlolls 1nteractlon.
Pyatov and collaborators25) have theoretlcally studied various effects renormgl_

izing Coriolis matrix elements, and they attribute an orer-all reduction to a
"recoil" term. Their renormalization affects all Coriolis matrix elementsh '
equally. Thus, we see emerging a more.satisfactory picture_of Coriolis’band
mixing in.which the arbitrariness of selective reduction factors for particular
‘matrix elements or use of different moments—ofeinertia for different bands is
unnecessary. | _ H

Perhaps it might be argued that our improved bandefitting merely follows
from the use of'more free parameters, although we have left'no freedom in adjust-
ing Nilsson energies but have taken them directly from a new computer code in-
cluding hexadecapole shape parameters due to Nilsson et al. 21). We feel, how-
ever, that the essentlal phys1cs of the Coriolis band mixing is better handled
with our larger basis set than with the usual calculations. Ideally one would
llke to solve the problem in a very large shell model ba51s with amplltudes for
each conflguration of odd particle and pairs. Since such a shell model'basisl:'

is too large to be practical, the BCS variational approach is used insteasd. Our

supermatrix is one step from BCS toward the larger shell model basis.'_We_are
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hot.yet:consistently-treating nairing among'all'orbital combinations out ere
instead introducdng.an.effectiye nG pairing.matrix elemenf befween the top-most
unblocked orbitels of'Opposite'parity. Thus, palrlng manlfests 1tself 1n the
factor n, the effectlve number of orbitals participating in palr transfer be—
tween the odd and the even parlty orbltal systems. - Pairlng modlfles Eh and Ep
from their- lowest order estimates as "the energy dlfferences of the lowest lying
odd—parlty Nllsson orbital and the 9/2 and 7/2 Nllsson orbltal energles re-
spectlvely. :Also pairing enters 1n the factor o, but 1t is. likely that centrl—

fugal and sp1n—sp1n polarlzatlon effects of Chernej Baznat, and Pyatov 5) are

,also contrlbutors to the reductlon of a below unlty Indeed thelr numerlcal

calculations for rare earths showed values.of polarization factors R

S

around 0.7.4

We wish to express our appreclatlon to ‘Robert Hlldrlch and the crew of

the Yale Heavy Ion Accelerator for their 1nValuable part in prov1d1ng the needed

‘ heavy ion ‘beams. L1kew1se the ass1stance of Dr. Hugo Atterling and the staff

of the cyclotron at the Research Instltute for Physics, Stockholm, 1s gratefully
acknowledged ‘We are grateful to Dr. C F. Tsang for prov1d1ng the Nllsson a
orbital energy program and to Mr S Y. Chu for adaptlng and runnlng this pro-‘

gram at Yale. Thanks are due to Dr. N I. Pyatov for dlscus31ons of hlS polar—



L)

5)
6)

10)

11)

12)
13)
1k)
15)
16)

S. Hultberg,I. Rezanka and H. Ryde, to‘be published.

-l o . IBL-1223

REFERENCES

I. Rezanka, I.-M. Ladenbauer-Bellls, F M Bernthal and J. O Rasmussen, )
Phys. Rev. Letts. 25 (1970) 1&99

I. Rezanka, S. Hultberg,H.‘Ryde, J. O Rasmussen, F M. Bernthal ‘and J. R.

'Alonso, Proc. of the Internatlonal Conference. on the Propertles of Nucle1 Far-

from the Reglon of Beta—Stablllty at Ley51n (CERN, Geneva 1970), p 9&9
I. Bergstrom C.=d. Herrlander A. Kerek and ‘A.. Luukko Nucl Phys.réigli
(1969) 9 | L -

S. A.. Hjorth H. Ryde and B: Sk&nberg, Ark.. Fys. 38 (1968) 537 )

J. Alonso, H. Bakhru, F. M. Bernthal J. Boutet B. Olsen I Rezanka and

J. 0. Rasmussen, Nucl Phys. A160 (1971) 193

I Rezanka, F M Bernthal, J 0. Rasmussen R Stokstad I Fraser J Green-

i

berg and D. A. Bromley, Nuel. Phys. A1T9 (1972)

R. Arlt, Z. Malek, G. Mu21ol and H. Strusny, Tzv. Akad. Nauk SSSR Ser. F1z
33 (1969) 1232. AR '

T. Hamamoto and T. Udagaﬁa, Nucl. ‘Phys: A;gé_(l969) ahl.fRWF

A. Bohr and B. R. Mottelson, Monograpn on'Nuclear Strnctune, RewRYd}k; %5'7

be published.

B. S. Dzhelepov, G. F. Dranitsyna and V. M. Mikhailov, Sv01stva deformlro—v

vannych yader (Nanka? Leningrad 1971), p. 150. ‘

E. Selin, S. A. Hjorth and H. Ryde, Physica Scripta 2 (1970) 181.

T. Lindblgd, H. Ryde and D. Barneoud, to be publishe&; .

T. Yamazaki, Nucl. Data A3 (1967) 1.

P. H. Stelson and L. Grodzins, Nucl. Data A1 (1965) 21.

S. A. Hjorth, H. Ryde, K. A. Hagemann, G. Lgvhdiden and J. C. Waddingten;

Nucl. Phys. Alkk (1970) 513.




Al

17)

18)
19)

éo)
21)
22)

23)
o))

25)

5= o . LBI-1223

C. T. Alonso and J. O. Rasmussen, Bull. Am. Phys. Soc. Ser. IT, 1T (1972)

- 579.

M. Jorgénseﬁ, 0. B. Nielsen and G. Sidenius, Phys. Letts. ;;(1962) 321;

L. Kirétehsén, J. JorgénSen; O; B. Nielsen end G. Sidenius, Phys. Letts.

8 (1964) s57. |

H. J. Haverfield, F. M. Bernthal and J. M. Hollander, Nucl. Phys. A9k

(1967) 337. | | I

S{ G.'Nilsson,_c..F. Tséng, A. Sobiczewski;'z. Szymahski, S. Wycech;'c. Gus-
tafson,'I; Lamm, P. Méller and B. Nilsson, Nucl. Phys; Ai§; (i969) 1. |
H. Hubel, R. A. Naumann;-M. L. Andersen, J. S. Lérsen, 0. B. Nielsen and

N. 0. Roy, Phys. Rev. C1 (1970) 18k5. , ,

F. A..Rickéy, Jr. and R. K. Sheline, Phys. Rev. 170 (1968) 1157.

T. .C. vCl.emen'ts,i private report, Lawrence Ra.diation Laboz"‘at‘ory (B.erkeley,‘
1966).

N. I. Pyatov, M. I.vChernej and M. I. Baznat, Preprint EU-5468 (Joint 1nétif
tute for Nuclear Research, Dubna 1970){ »A

M. I. Chernej, M. I. Baznat and N. I. Pyat§v, Preprint E4-5550 (Joint Insti-

tute for Nuclear Research, Dubna 119‘70).



~16-

Table 1

Isotopic Composition of the Yb Target Used

for the o-particle Bombardment

"Mass Number

Percentage
168 < 0.07
170 81.h‘i 0.4
171 7.8 + 0.2
172 4.8 + 0.2
173 2.3 + 0.1
17k 3.1 + 0.1
176 0.73+ 0.05
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Table 3

.171

Coincidence Relations Between the y-rays in HE

Excited by the *0%Ho(1%B,ln) Reaction
E - | | |
(keV) 98.9 137.0 ..258.3 ..333.9
8.2 | X ‘,x_
98.9 X
17h;9 | _ X'
236.0 | X
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Table k4
Rotational Parameters of the
1/2'[521] and 5/27[512] Bands in 1Tye

Band A ) B C A2K B2K
(keV) (eV) (MeV) (keV) (eV)
1/27[521]] 412.52 # 0.05 -14.9 * 0.5 420 * 2 +9.51 + 0.09 -9 *+ 2

5/27[512] | +13.28 * 0.03 -11.6 + 0.4 +L.6 + 1.0 (+1.3 + 1.2) x 10~
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Table 5
- o ' Gyromagnetic Ratios g ~g, for the 5/27[512] Bana v
in T'He.  The Value of 7.1 barn was Adopted_fdero;.

Mixing Amplitude

Initial ' ' from angular . . from branching

spin distribution ratio =  8x8p
9/2 . from -0.04 to -k.0 . 0.41 £0.05  -0.43 * 0.08
11/2 " from +0.05 to -0.25 ©0.23 £ 0.0k =0.73 # 0.12
or from -3.0 to 10.0 - C :
13/2 from -0.08 to -0.35 - 0.2h + 0.0k -0.69 * 0.12
or from -2.0 to -5.0 - 4 ' R C
15/2 . from +0.05 to -0.32 ~0.20 % 0.04  -0.82 £°0.15
: ~or from -3.0 to -16.0 oo
17/2 : S . . 0.22 £.0.04 . 0.72 + .0:12%)
21/2 . - 0.23 £ 0.05 . 0.63.% 0.13%)

%) The negative value of the mixing amplitude was adopted‘in analogy with the .

four lower-lying levels.
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Table 6
Isotope Experiment . .. ‘Theory . Difference
HE 171 7/2 0 0.9 +0.9
9 61.7 61.4 - =0.3
11 ih5.9 147.6 .+1;7
13 2bk.9 ohs.s5 +0.6
15 381.9 383.6 7
17  511.8 513.7 +1.9
19 T15.6 T13.2 -2.4
21 865.2  866.2 +1.0
23 11kb.k ©1139.0 -5.4
25 1305.0 | 1303.0 -2.0
27 1660.5 1662.5 +2.0
29 1825.7 - 1826.1 , +d;h'
b = 0.615 A, =1.68
HE 173 7 197.7 198.4 0.7
9 255.7 : 257.8 +2.1
1 -337.2 338.9 41.7
13 1436.8 439.7 2.9
15 568.8 568.2 0.6
1T 705.6 708.6 +3.0
19 897.5 8911 6.4
21 1061.1 1062.9 fl.é
23 1318.6 1310.5 -8.1
25 1kg99.2  1497.8 1.4
27 1823.8 1828.1 - +h.3
| Ao = 1132 By =249
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Table 6 (continued)
Isotope. Experiment Theory . AlDifferen‘ce‘
HE 175 | 7 207.k 206.6 +0.8
9 257.9 257.6 -0.3
11 335.9 336.8 1.6
13 L36.0 h36.9 +0.9
215 566.2 567.8 +1.6
17 .716.8 710.8 0.0
19 896.9 895. 4 -1.5
21 1075.7 10734 -2.3
23 1322.7 13195u -3.3
25. 1523.3 . 1524. 4 1.1
: é? 1837.1 18k0.2 - 43.1
: ’ Ao = 0.546 A, = 151
HE 177 © 9 321.3 321.1 -0.2
- 11 '-ﬁ26.6 | h27.i +0.5 -
13 555.0 555.6 +0.6
15  708.2 T0T.4 +0.8
17 882.6 883.0 +0.4
19 1086.7 1083.2 3.5
21 1301.2 1307.9 | ';+6;7 ,
23 1560.9 1558.2 _'-2.7
T ThT.2 750.ov +2.8
9  849.1 sk e
| s = 0-936 A =219
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Table 6 (coﬁtinued)

Isotope Experiment - . 'Th‘.eory Difference - S
HEf 179 9 0 0.7 +0.7 .
11 122.7 123.0 +0.3
13  268.9 269.6 C+0.7
15 L438.7 ’ 439.0 +0.3
17 631.5 © . 631.5 0.0
19 848.5 847.1 1.4
21 108s5.2 ' 1086.0 +0.8

Arms = 0.277 Aav =‘o.61
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Table T

Parsmeters Used in Hf Isotopes Energy Level Fits -

Humber of o 'gf_ S -Eh. -nGh‘ - nG

w Parameters  Isotope 2J a oo p . - ' ‘p
Varied* (keV) o (keV)  (keV) - (keV) ~ (keV)

5 S ITL 12.78 [7.105]  0.597 +4378.9 -168.9 (<h22) (-105)

T 173 12.7h 827 0.598  + 33.63 -266.h - -k26 346

6 175 - 12.33 6.230 0.ko1  +210.0 '-381;5, (-543) - (-T2L)
T 13.81  6.349  0.669 +1594.5 -195.9. =460 - -362

5 | ) '179 '12.50_ [6.1811 0.k2k  +122.0 + 63;77"(1397);v(-298)

Quantities in square brackets were not varied. Theoretical values were used
as stated in the text. Quantities in parent.heses were c‘onstréined to vary in
fixed ratio to one another, the ratio being fixed by theoreticél considerations

regarding numbers of orbitals évailable near the Fermi surface.
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FIGURE CAPTIONS

Fig. 1. The Y-ray spectrum produced.in the bombardment of the 170Yb target

with 38 MeV o-particles. The energies of y~lines are given in keV. The

171

Hf unless stated otherwise.

165

Y-lines with the given energies belong to
Fig. 2. The Y—ray spectrum produced in the bombardment of the Ho target
with 52 MeV B ions. The energles of the Y—llnes are glven in keV. The

171

Y-lines with the given energies belong to Hf unless Stated otherwiee.

1
Fig. 3. come c01nc1dence spectra restored from.the experlment with 0 on

165Ho target. The gross c01nc1dence spectrum shown in the upper part of the
picture is a—spectrum ingcoincidence with all events'in the other detector.
The three spectra in the lower part of thehgraph are coincident with the full-
" energy peak of the Y~line spec1f1ed i. e., the contrlbutlons of 001n01dences
with the pedestals were subtracted ' See Table 3 for summary.

Fig. 4. The part of.l7le level scheme populated from 17

Ta.decay which is
relevant to.the level assignment from the in-beam experiments. .This partial
decay scheme was: obtalned from the study now in progress at the Yale Heavy a
- Ion Accelerator Laboratory '

Fig. 5. The level scheme of 71Hf determined in this etudy.i The ievel'and tran-~

sition energies are in keV. The trensitions marked with asterisk were placed

each in two positions of the level scheme. When a dot was placed between two °

_transitions it meanS'that~the coincidence relation between these two tran-.

sitions'was-established: heavy dots mark. those relatlonshlps determlned in

this study in 165Ho( B, hn) reactlon, open clrcles 1nd1cate that the coineci~

dence was established from the decay study of 1

Ta. Few:transitions from
the latter‘study_were_ihcluded into this level scheme and are shown here in -

italies.
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Fig. 6. The dependence of [E(I) - B(I - 1)1}/2T on the'square,ofvlevel spin for

~ the 5/2”[512].and.7/2fI633J*bands in 171

- +
Hf. The solid line for the T/2
band is the result of the power series fits with eq. 1.

lTTHf. “In

Fig. 7. Scheme for constructing of the "supermatrix" in'the,case of
- the lower part of the figure, the diagram»of the tenth state in the 10x10

supermatrix above is shown. See.also text for discussion.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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